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Abstract 
The match of ship, engine and propeller is one of the most important problems in ship conceptual design. The 
propeller design in conceptual design stage is a multi-objective optimization problem. The objectives are efficiency 
ratio and thrust coefficient. A multi-objective optimization approach is proposed for propeller preliminary design in 
present study. A Non-dominated Sorting Genetic Algorithm II (NSGA II) is employed to approximate the set of 
Pareto solution through an evolutionary optimization process. Then a decision making approach is adopted to select 
“best” solution. A B-propeller design example is conducted to illustrate the analysis process in present work. 
 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of  Society for
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1. Introduction 
The design of a screw propeller operating in non-uniform flow behind ship is an iterative process to 
optimize the propeller efficiency with less restrictive constraints concerning cavitations, noise, vibrations 
geometry and strength. Once the design point is chosen and the main parameters are fixed, the problem is 
to design a propeller to give specified performances in given conditions. 
Literatures on ship propeller optimization research are extensive. In the design of propeller, trade-off 
consideration is needed for many conflicting optimization objectives during iterative process (Kuiper 
1992). From the viewpoint of propeller designer, the optimization objectives are to maximize propeller 
efficiency and to maximize the thrust coefficient at the design point, simultaneously. Therefore, the 
optimal design of ship propeller is a multi-objective problem. 
In principle, the presence of conflicting objectives results in a number of optimal solutions, commonly 
known as Pareto-optimal solutions. Since no one Pareto-optimal solution can be said to be better than 
another without further considerations, it is desired to find as many such Pareto-optimal solutions as 
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possible. For the last decade or so, a number of multi-objective evolutionary algorithms (MOEAs) have 
been suggested, mainly because of their ability to find multiple Pareto-optimal solutions in one single 
simulation run. Over the past decade, a number of multi-objective evolutionary algorithms (MOEAs) have 
been suggested (Ziolkowski and Gratkowski 2010). 
In present study, a new approach is proposed for multi-objective optimization study of ship propeller. 
The efficiency ratio and thrust coefficient of propeller are chosen as optimization objectives. First, A Non-
dominated Sorting Genetic Algorithm II (NSGA II, Deb et al 2002) is employed to approximate the set of 
Pareto solution through an evolutionary optimization process. Then, a decision making approach is 
adopted to select final compromise solution. A B-propeller design example is provided to illustrate the 
analysis process in present study. 
2. Optimization problem 
2.1 Design objective 
In the preliminary design of ship propeller, the prime objective is to maximize the efficiency Ș. The 
open water propeller efficiency can be obtained by following equation 
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Where J=Vs/(nD) is the advance coefficient. KT and KQ are thrust efficient and torque efficient, 
respectively. Vs is service speed. 
However, another objective should be given more consideration: the thrust efficient, KT, defined as 
T/ȡn2D4. T, ȡ, n, D are thrust, fluid density, propeller rpm and diameter, respectively. Therefore, the 
optimization objectives for a propeller are to maximize the efficiency and thrust efficient simultaneously. 
This is a two-objective optimization problem. It is worth noting that these two objectives are somewhat 
conflicting. 
2.2 Constraints 
Between the ship hull and its propeller is equilibrium of forces. The delivered thrust of the propeller 
must exactly match the drag at each analysis speed. It is necessary to understand that the force 
equilibrium is a match of drag and delivered thrust, not theoretical propeller thrust. Delivered thrust takes 
into account the effect of the ship on the propeller. This effect is described by two hull-propeller 
interaction coefficients known as wake fraction, w and thrust deduction, t. Wake fraction helps define the 
actual speed of the water reaching the propeller as it passes by the hull and underwater gear. Thrust 
deduction is a measure of the reduction of usable thrust due to the close proximity of the hull’s afterbody 
immediately ahead of the propeller. Both affect a propeller’s ability to generate usable delivered thrust. 
Cavitations should be avoided. A reasonable indication as to the required blade area ration of fixed 
pitch propeller can be obtained by means of a formula given by Keller (1966) 
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In which Z is the number of blades, K is the constant, depending on propeller installation style. K is 0.2 
for single-screw ships while 0.1 for other twin-screw ships. P0 is the static pressure at centre line of 
propeller shaft, and Pv is the vapour pressure in kg/m2. 
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2.3 Design variables 
During preliminary design, the main characteristics of the propeller are diameter D, number of blade Z, 
mean pitch P/D, blade area ratio Ae/Ao. And, the service speed is also a key parameter. These design 
parameters are regarded as decision variables in optimization process. 
3 NSGA II techniques 
In this research study, to find the Pareto-optimal solutions, the fast and elitist NSGA-II approach 
proposed by Deb et al (2002) is used. In contrast to the simple genetic algorithms that look for the unique 
solution, the multi-objective genetic algorithm tries to find as many elements of the Pareto set as possible. 
For the case of the NSGA-II, this one is provided with operators who allow it to know the level of not-
dominance of every solution as well as the grade of closeness with other solutions; which allows it to 
explore widely inside the feasible region. In a brief form, the functioning of the NSGA-II can be 
described through the following steps: 
-Fast-non-dominated-sort. A very efficient procedure, is used to arrange the solutions in fronts (non-
dominated arranging), in accordance with their aptitude values. This is achieved, creating two entities for 
each of the solutions. A domination count np, the number of solutions which dominates the solution p, and 
a set (Sp), that contains the solutions that are dominated for p. The solutions of the first front have the 
higher status of not-dominance in the Pareto sense. 
-Diversity Preservation. This is achieved, by means of the calculation of the crowding degree or 
closeness for each of the solutions inside the population. This quantity is obtained, by calculating the 
average distance of two points on either side of a particular solution along each of the objectives. This 
quantity serves as an estimate of the cuboids perimeter, formed by using the nearest neighbors as the 
vertices. There is also, an operator called Crowded-Comparison. In accordance with the previous criterion, 
between two non-dominated solutions, we prefer the solution with the better rank. Otherwise, if both 
solutions belong to the same front, then, we prefer the solution that is located in a lesser crowded region. 
-Initial Loop. Initially, a random parent population (Po) of size N is created. Later this one is ordained, 
using the procedure of nondominated arranging. Then the usual binary tournament selection, 
recombination and mutation operators are used to create a new population (Q0), of size N. 
-Main Loop. The NSGA-II procedure can be explained by describing the th generation. The procedure 
begins with the combination of Pt and Qt forming a new population called Rt, then the population Rt is 
sorted using the non-domination criterion. Since all previous and current population members are 
included in Rt, elitism is ensure. The population Rt has a size of 2N, later, the different fronts of non-
dominated solutions are created, being F1 the front that contains the better rank solutions. Figure 1 shows 
that, during the process of forming the new population Pt+1, the algorithm takes all members of the fronts 
F1 and F2, and some elements of the front F3; this is, because N solutions are needed exactly for the new 
population Pt+1 to find them exactly N solutions, the last front is ordained, which for this description is the 
number 3, arranging the solutions in descending order by means of the crowded comparison, and 
selecting the best solutions needed to fill all population slots. After having the population Pt+1, the genetic 
operators of selection, crossing and mutation, are used to create the new population Qt+1 of size N. Finally 
it is mentioned that the selection process, the crowded comparison operator is used. 
For details about the NSGA-II approach, readers may refer Deb’s work.  
In optimization studies that include multi-objective optimization problems, the main objective is to find 
the global Pareto-optimal solutions, representing the best possible objective values. Then, various 
decision making skills are applied for choosing the “best” compromising solution. 
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4. Numerical examples 
The numerical example is the same as example reported by Lewis (1988). The data of this example are 
listed in Table 1. The lower and upper limits of design variables are given in Table 2. It is worth noting 
that the number of blade, Z is a discrete variable. 
Table 1 Data of propeller design 
Description                                                                       Value 
Effective power, PE                                                                9592 kW 
Propulsion arrangement                                                Single-screw 
Estimated quasi-propulsive efficiency                              0.75 
Immersion of propeller shaft                                             7.5m 
Estimated delivered power, PD                                       12789kW 
Wake fraction, w                                                               0.20 
Thrust deduction fraction, t                                               0.15 
Relative rotative efficiency, ȘR                                                    1.05 
Required thrust, T=PE/((1-t)Vs)                                     1044.9 kN 
Rpm                                                                                   108 
 
Table 2 Lower and upper limits for decision variables 
Variables                     Vs (kn)        AE/A0         P/D             D           Z 
Lower limit                               20             0.3             0.5             3            3 
Upper limit                       25            1.05            1.4             8            6 
Wageningen B-series propeller polynomial expressions for thrust and torque coefficients, for 2 to 7 
blades and Reynolds number 2*106, were published by Osterveld and Oossanen (1975). The polynomials 
were given in the following form: 
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The coefficients are given in tabular form and hold good for blade thickness ratio (t/c)0.75R=f1(Z,Ae/A0). 
Correction for Reynolds number effect is given as 
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The effect of change in blade thickness can be considered with the correction of Rn. However, from the 
results of Osterveld and Oossanen, it can be seen that the effect of Reynolds number is not significant.  
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Parameters used by NSGA II approach are listed in Table 3. 
Table 3 Parameters for NSGA II in computation 
Parameters                                                                       Value 
Population                                                                                  500 
Number of generations                                                     1000 
Probability of directional cross-over                                  0.1 
Probability of selection                                                     0.05 
Solution mutation rate                                                       0.05 
Elitism                                                                            Enabled 
At the end of this run, different designs were obtained in solution space being feasible designs, which 
comply with optimization constraints. Then feasible designs were filtered in design space to obtain only 
designs that belong to a Pareto-optimal set. There are 15 solutions in this set. The Pareto solutions are 
shown in Fig. 1. And relations between decision variables and objectives are listed in Fig.2-4. 
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Fig. 1 Thrust coefficient and efficiency                     Fig. 2 Speed vs. thrust coefficient 
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Fig. 3 Thrust coefficient and diameter                      Fig. 4 Expanded-area vs. thrust coefficient 
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A decision making approach, nearest to the utopian design, is used for choosing final compromise 
solution. The distance between Pareto solution and utopian design solution (labeled as U in Fig. 1) is 
defined as following 
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Where 0kf  is the value obtained by solving the optimization for that criterion alone. The solution which 
is nearest the point U is labelled as A in Fig. 1. 
The final compromise solutions from different decision making skills are provided in Table 4. 
Table 4 Results of example for 2-objective optimization 
Decision variables             Vs (kn)         Ae/A0          p/Dp            Dp           Z         0η              KT 
Solution A                                    20.70           0.93           1.40          5.402         6       0.8438        0.3927 
max KT solution                   20.00           1.05           1.40          5.398         5       0.8521        0.4081 
max 0η solution                   23.76           0.85           1.19          6.021         6       0.8617        0.2221 
Utopian design (U point)       --                 --               --               --            --       0.8617        0.4081 
From the viewpoint of multi-objective optimization, all solutions can be chosen as final design. 
However, different compromise solutions are found depending on various decision making skills. This 
characteristic is inherent for Pareto solutions. 
5. Conclusions 
A novel multi-objective optimization and multiple attribute decision making study of ship propeller 
preliminary design are proposed in present analysis. A Non-dominated Sorting Genetic Algorithm II 
(NSGA II) is adopted first, and then a decision making skill is applied. Pareto solutions and frontier are 
given for a B-series propeller example. It is evident from this investigation that the method proposed here 
is suitable for conceptual design study of ship propeller. 
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